The translocation of folded proteins via the twin-arginine translocation (Tat) pathway is regulated to prevent the futile export of inactive substrate. DmsD is part of a class of cytoplasmic chaperones that play a role in preventing certain redox proteins from premature transport. DmsD from Escherichia coli has been crystallized in space group P4 1 2 1 2, with unit-cell parameters a = b = 97.45, c = 210.04 Å , in the presence of a small peptide. The structure has been solved by molecular replacement to a resolution of 2.4 Å and refined to an R factor of 19.4%. There are four molecules in the asymmetric unit that may mimic a higher order structure in vivo. There appears to be density for the peptide in a predicted binding pocket, which lends support to its role as the signalrecognition surface for this class of proteins.
Introduction
The twin-arginine translocation (Tat) pathway of bacteria is responsible for translocation across the cytoplasmic membrane of folded proteins. Typical Tat substrates are complexes and proteins that contain cofactors that are assembled in the cytoplasm. The minimal Tat system is composed of the integral membrane proteins TatA, TatB and TatC. The current model for translocation is that TatB and TatC form a receptor complex and bind the Tat signal motif, subsequently targeting the preprotein for translocation across the membrane through a TatA complex (reviewed in Berks et al., 2000; Mü ller & Klö sgen, 2005; Lee et al., 2006) . During the process, it is essential to prevent the futile export of immature protein.
The dimethylsulfoxide reductase complex (DmsABC) is targeted to the bacterial periplasm via the Tat pathway and is involved in anaerobic respiration using dimethylsulfoxide (DMSO) as an electron acceptor. It is a member of a group of Tat substrates that have a targeting chaperone, which is usually found in their operon. These chaperones, termed redox-enzyme maturation proteins (REMPs; Turner et al., 2004) , bind to the Tat signal sequence and presumably regulate folding, substrate addition and complex assembly prior to targeting to the translocation machinery (Berks et al., 2000; Sargent, 2007) .
DmsD is the REMP for DmsABC. It is a cytoplasmic protein and its size ranges between 20 and 30 kDa across species. DmsD null mutants fail to grow under anaerobic conditions, implying an essential role in anaerobic respiration (Oresnik et al., 2001) . The DmsA preprotein contains the Tat motif (S/TRRxLVK) in its N-terminal signal sequence and this region has been shown to bind directly to DmsD (Oresnik et al., 2001) . The remainder of DmsA is a large globular domain with a catalytic molybdopterin (MoPt) cofactor. DmsA is synthesized in the cytoplasm and loaded with cofactor and the accessory protein DmsB prior to translocation.
The best studied REMP, TorD, for the trimethylamine N-oxide (TMAO) reductase TorA, performs a parallel function to the DmsA/ DmsD system (Ilbert et al., 2004) , and TorD and DmsD fall into a class of REMPs known by the first characterized structure TorD. The REMP motifs (Y/F/W)xxLF and E(Px or xP)D(H/Y) are conserved among all members of this family and mutations in these regions lower the binding affinity to substrates (Chan et al., 2008) . Although physical interaction data between REMPs and partners is limited, several studies have looked directly at the problem. DmsD binds to the twin-arginine signal peptide from DmsA via a hydrophobic interaction with micromolar affinity in an equimolar ratio (Winstone et al., 2006) . DmsD can form a complex with the N-terminus of DmsA independently of the globular domain of the protein (Oresnik et al., 2001) and has been shown in vivo to bind to the TatBC complex under anaerobic conditions, implying a direct role in targeting (Papish et al., 2003) . In vitro, TorD is able to form a complex with the unfolded mature portions of TorA (Pommier et al., 1998) . DmsD/ TorD REMPs are not essential for substrate translocation; instead, they appear to be important for transport of the correctly folded complex (Ray et al., 2003) .
Many mechanistic questions about REMPs remain. The coordination between cofactor loading and the subsequent release of the protein after folding is unknown. There is no direct evidence for interaction between the Tat machinery, the Tat substrate and the corresponding REMP protein. The Tat translocase itself has been shown to accept or reject protein for transport through a qualitycontrol mechanism (Matos et al., 2008) , so the exact role of REMPs is unclear. This paper reports an additional crystal structure of DmsD from Escherichia coli (EcDmsD) and provides further evidence for functional interactions.
Methods

Cloning, overexpression and protein purification
The gene encoding EcDmsD was amplified from E. coli genomic DNA using the primers 5 0 -GGGCGGGTCGACATGACCCATTT-TTCACAG-3 0 and 5 0 -GGGGCGGAGATCTCTATCGAAACAGC-GG-3 0 , which incorporate the restriction-endonuclease sites SalI and BglII (highlighted in bold), respectively. Digested PCR product was ligated into a modified T7 promotor-based pET33b expression vector (Novagen) that contained an N-terminal 6ÂHis tag followed by a thrombin cleavage site and a modified multiple cloning site and was then transformed into E. coli BL21 (DE3) host strain. The plated cells were directly inoculated into 1 l LB medium containing 35 mg ml À1 kanamycin. The culture was grown at 310 K to an OD 600 of 0.6, followed by induction with 300 mM isopropyl -d-1-thiogalactopyranoside (IPTG from Anatrace) for 3 h. The cells were harvested by centrifugation and the cell pellet was resuspended in 100 ml buffer Figure 1 A (100 mM NaCl, 10 mM -mercaptoethanol, 30 mM imidazole and 50 mM Tris-HCl pH 7.5) and then lysed by passing it three times though a microfluidizer (Microfluidics). Cell debris was removed by centrifugation at 18 000g for 20 min at 277 K. The supernatant was loaded onto a 5 ml Ni-NTA affinity resin (Qiagen) pre-equilibrated and washed with 30 ml buffer A and then eluted with buffer A containing 300 mM imidazole. The protein was diluted into PBS buffer and the 6ÂHis tag was cleaved with 20 units of thrombin incubated overnight at 295 K, resulting in an additional four residues at the native N-terminus (GSVD). The remaining uncleaved protein was removed by passage over a second Ni-NTA affinity resin. The flowthrough was concentrated and run on a Superdex 200 10/300 GL column (GE Healthcare) in buffer A without imidazole. The purified protein was concentrated to 20 mg ml À1 using a centrifugal concentration device (Amicon Ultra, Millipore) before storage at 193 K. The 98.7% pure peptide (SRRDFLK) was ordered from Genescript, USA.
Multi-angle light-scattering analysis
Purified EcDmsD (20 mg ml
À1
) was loaded onto a Shodex Protein KW-803 size-exclusion column equilibrated with 50 mM Tris-HCl, 150 mM NaCl, 10 mM -mercaptoethanol and connected in-line with a Dawn 18-angle light-scattering detector coupled to an Optilab interferometric refractometer and a WyattQELS Quasi-Elastic LightScattering instrument (Wyatt Technologies). Data analysis was performed with the ASTRA v5.3.4.14 software (Wyatt Technologies) and molecular weights were calculated using the Zimm fit method.
Crystallization, data collection and processing
The purified DmsD was incubated for 2 h with a 1:1 molar ratio of peptide to protein before crystallization. A Mosquito pipetting robot was used to set up 200 nl drops, which were equilibrated against 50 ml reservoir solution using sitting-drop vapor diffusion in a 96-well plate format using standard crystal screening kits (Hampton Research and Qiagen). Large single crystals appeared in drops made up from 1 ml 1.5 M ammonium tartrate, 0.1 M Tris pH 7.5 and 1 ml protein solution and equilibrated against 500 ml reservoir solution using a 24-well sitting-drop plate (Hampton Research). A single crystal was briefly transferred to mother liquor supplemented with 30%(v/v) glycerol, mounted in a cryoloop and flash-cooled in liquid nitrogen.
Diffraction data were collected on beamline BL9-2 at the Stanford Synchrotron Radiation Laboratory (SSRL). The crystal was maintained at a constant 100 K throughout the experiment. A total of 180 images were collected with an oscillation range of 0.5 per image, an exposure time of 8.1 s and a crystal-to-detector distance of 275 mm. Images were collected on a MAR Mosaic 325 CCD detector and indexed using HKL-2000 (Otwinowski & Minor, 1997 . The crystals belonged to space group P4 1 2 1 2, with unit-cell parameters a = b = 97.45, c = 210.04 Å and a solvent content of 56% (Matthews, 1968) with four molecules in the asymmetric unit. Scaling of the data was performed using SCALA (Evans, 2006) . Data statistics are presented in Table 1 .
Structure determination and refinement
The structure of EcDmsD was solved by molecular replacement using the program Phaser (McCoy, 2007) with a single chain of the DmsD structure from Salmonella typhimurium (68% sequence identity; PDB code 1s9u) as a search model. The initial model was built using a combination of automatic building and refinement with ARP/wARP (Langer et al., 2008) . Rigid-body and TLS refinement were performed using REFMAC (Vagin et al., 2004 ). Structure refinement continued with successive rounds of model building in Coot (Emsley & Cowtan, 2004) followed by REFMAC refinement. At the end of the analysis, waters were added to the model using as criteria a 3 peak height in the difference maps and hydrogenbonding distances to protein atoms of 2.0-3.5 Å . The structure was validated using MolProbity (Lovell et al., 2003) . The final coordinates and structure factors have been deposited in the Protein Data Bank (http://www.rcsb.org/pdb) with PDB code 3cw0.
Results
The preparation of recombinant protein resulted in a reliable supply of pure protein for crystallization, with a final yield of 15-18 mg pure protein per litre of cell culture. The purity of the protein was confirmed using SDS-PAGE. Similar to previous results (Sarfo et al., 2004) , native gels showed many bands, possibly indicating multiple oligomeric forms of the protein; however, gel-filtration data, along with multi-angle light scattering, only showed the presence of a monomer in solution with or without peptide (data not shown).
There are four molecules of EcDmsD in the asymmetric unit and we were able to build a continuous chain trace for residues 2-204 that only lacked the residues left from the thrombin cleavage site (Fig. 1a) . The most likely biological unit is a monomer, as evidenced by gelfiltration chromatography. A total of 6588 protein atoms and 509 water molecules were included in the structural model. The structure was successfully refined to an R factor of 19.6% and a free R factor of 23.9% at 2.4 Å resolution. Further refinement statistics are presented in Table 1 .
DmsD has an all -helical architecture composed of ten helices with dimensions of approximately 52 Â 43 Â 33 Å (Fig. 1a) . The rootmean-square deviation (r.m.s.d.) between the C atoms in this structure and the search model 1s9u is 0.9 Å for all residues. The average solvent-accessible surface area per monomer is 9979.6 Å A view from inside the tetramer looking at monomer A. Monomer A is shown as an accessible surface and monomers B and D are shown as ribbons. Subunits are colored based on surface conservation calculated by the ConSurf server (http:// consurf.tau.ac.il/) with ramping from unconserved (blue) to 25% conserved (grey) and then to 100% conserved (red). The pocket formed by the REMP motif is shown by a yellow asterisk. Density not accounted for by protein is shown in green contoured at 2. This figure was produced using Chimera (Pettersen et al., 2004) .
The crystallization conditions included a small peptide, SRRD-FLK, in an attempt to generate a complex between a minimal DmsA Tat signal and DmsD. Addition of the peptide led to a marked improvement in crystal size and quality (data not shown); however, there was no density in the final maps that could conclusively be built as peptide. We did observe several blobs of density that could not be accounted for as waters or components of the mother liquor that may be consistent with partially ordered peptide (Fig. 2) .
Discussion
Structural comparison with other REMPs
Several REMP structures of the DmsD/TorD class have previously been solved, including those of TorD from Shewanella massilia (SmTorD; PDB code 1n1c), DmsD from Salmonella typhimurium (StDmsD; PDB code 1s9u) and a putative REMP from Archaeglobus fulgidus (AfREMP; PDB code 2o9x) (Qiu et al., 2008; Tranier et al., 2003; Kirillova et al., 2007) . The overall tertiary structure of each of these REMPs is similar. When superimposing relevant regions of monomers on EcDmsD, the r.m.s.d. of each is 3.0, 0.9 and 2.9 Å , respectively (Fig. 3) .
Many of the salient differences in the various REMP structures have been mentioned previously, so we will only highlight those that pertain to EcDmsD (Qiu et al., 2008; Tranier et al., 2003; Kirillova et al., 2007) . In StDmsD the loop between helix 6 and helix 7 (117-122) is missing owing to disorder and we were able to clearly build this in EcDmsD (Fig. 3a) . The structure of SmTorD is a dimer containing monomers formed by swapped domains, with the last -helix (residues 202-210) extending out of the globular domain (Fig. 3c) . In both DmsD structures the C-terminus forms a long extended region that packs tightly with the globular domain (Figs. 3a and 3b) . The orientation of helix 7 of TorD, located before the hinge region (121-135), is considerably different in both DmsD structures (Qiu et al., 2008) . The N-termini of both SmTorD and StDmsD are solvent-exposed, while in EcDmsD this hydrophobic stretch packs against the rest of the protein in a hydrophobic pocket. Fig. 1(a) . (d) A sequence alignment between the REMP structures discussed. Secondary-structure elements are displayed for EcDmsD (top) and for StDmsD (bottom) with helices numbered as in Fig. 1(a) . Semi-conserved residues are shown in red and completely conserved residues are shown in white with red boxes. The REMP motif is highlighted by magenta asterisks and boxes.
The tetrameric packing in the asymmetric unit is a pseudo-fourfold presenting a repeating interface between monomers (Fig. 1b) . The interface contains three hydrogen-bond interactions; however, a hole formed at this interface is solvent-filled and contained density which we were unable to fit (Fig. 2) . Although the calculated interface implies that the packing would not constitute a tight interface, many of the conserved DmsD/TorD residues cluster at this interface. The packing in the StDmsD and AfREMP crystals clearly suggests that they exist as monomers.
In this REMP structural family the conserved sequence motifs contain two residues that have been shown to be crucial for function: Asp126 and His127 in EcDmsD ( Fig. 3d; Chan et al., 2008) . The motifs occur in helix 4 and a long loop (EcDmsD 112-129) forming a mainly hydrophilic groove. These regions in StDmsD and SmTorD have been predicted to be involved in signal peptide binding (Qiu et al., 2008) . In AfREMP, this groove opens to form a more open funnelshaped cavity connected to a slightly hydrophobic surface that is predicted to be a region that recognizes partially folded substrate (Kirillova et al., 2007) . This groove in EcDmsD contains the extra density that is unaccounted for in our crystal structure (Fig. 2) . We could not fit the peptide we cocrystallized owing to poor density and it is unclear whether this is representative of low occupancy. Further investigations are necessary to confirm the peptide-binding region.
During the writing of this manuscript the coordinates for another structure of EcDmsD in a different space group (P3 1 21) were released (PDB code 3efp; Stevens et al., 2009) . Despite the different space groups and crystallization conditions, the two E. coli monomers are virtually identical, with an r.m.s.d. of 0.5 Å . Interestingly, the 3efp crystal form contains a dimer in the asymmetric unit; however, in the crystal packing the same tetramer is formed as seen in our crystal form. In the subsequent manuscript, the authors also conclude that the EcDmsD structure is representative of the TorD REMP family and the biochemical evidence points toward a specific binding pocket for signal peptide (Stevens et al., 2009) . The authors note that several small molecules from their crystallization conditions occupy the putative binding pocket, similar to our unfitted density. We had considered this possibility for our crystals but were unable to fit any of the compounds from our crystallization conditions into our density (Fig. 2) .
Conclusion
Despite the many crystal structures that are now available, it is still difficult to interpret the functional interactions between the REMP proteins and their substrates. Clearly, the consensus points toward a binding groove for the Tat recognition motif and this report lends support to this model. Curiously, although DmsD/TorD REMPs appear to function as monomers, they behave anomalously in solution and in native gels, with the formation of dimers and multimers. The crystallographic packing of EcDmsD perhaps sheds light on this and may indicate a possible functional interface.
